Moiré engineering has recently emerged as a capable approach to control quantum phenomena in condensed matter systems [1] [2][3][4][5][6] . In van der Waals heterostructures, moiré patterns can be formed by lattice misorientation between adjacent atomic layers, creating long range electronic order. To date, moiré engineering has been executed solely in stacked van der Waals multilayers. Herein, we describe our discovery of electronic moiré patterns in films of a prototypical magnetoresistive oxide La0.67Sr0.33MnO3 (LSMO) epitaxially grown on LaAlO3 (LAO) substrates. Using scanning probe nanoimaging, we observe microscopic moiré profiles attributed to the coexistence and interaction of two distinct incommensurate patterns of strain modulation within these films. The net effect is that both electronic conductivity and ferromagnetism of LSMO are modulated by periodic moiré textures extending over mesoscopic scales. Our work provides an entirely new route with potential to achieve spatially patterned electronic textures on demand in strained epitaxial materials.
Moiré patterns emerge from overlaying two sets of mildly dissimilar periodic motifs. In two dimensional (2D) van der Waals systems, moiré patterns have been achieved by stacking atomic layers with slightly incommensurate periodicities and/or small twist angles 7 . Fascinating properties have emerged in 2D moiré systems including superconductivity and Mott insulating states in magic-angle graphene superlattices 1, 2 , moiré excitons in transition metal dichalcogenide heterobilayers [3] [4] [5] , and topological conducting channels in twisted bilayer graphene 6 . However, moiré-type electronic modulations have never been experimentally demonstrated nor theoretically proposed in correlated transition metal oxides (CTMOs), which are known to host rich interactions between charge, spin, lattice, and orbital degrees of freedom 8, 9 . Herein, we demonstrate that moiré engineering is applicable beyond van der Waals materials and report meso-scale spatial moiré modulations of coupled conductivity and ferromagnetism in strained thin films of a correlated oxide.
A universal property of CTMOs is the competition and coexistence of multiple order parameters that spontaneously give rise to spatially textured physical properties 10 . These emergent electronic textures are particularly prominent in manganites including La1-xCaxMnO3 and related materials [11] [12] [13] . However, deterministic creation of spatially ordered patterns "on-demand" remains a daunting task. Here, we utilize interactions between two distinct sources of periodic strain modulation in epitaxial LSMO films grown on LAO substrates. When these two modulations are collocated in real space, they coproduce moiré-like energy landscapes that locally modulate conductivity and ferromagnetism.
We investigated 20 nm thick LSMO films on LAO substrates (see Methods for details). Temperaturedependent resistivity and magnetic moment reveal a characteristic second-order phase transition from ferromagnetic metal (FMM) to paramagnetic metal (PMM) at C~3 40 K (Fig. 1a) . That C is reduced compared to the bulk value (~370 K 14 ) attests to the large in-plane compressive strain imposed by the substrate 15 . We harnessed epitaxial control to define the local compressive strain patterns ultimately giving rise to moiré textures. First, we note that LSMO films on LAO possess highly oriented rhombohedral twin domains [16] [17] [18] [19] [20] that stem from local relaxations of substrate-imposed shear strain (see Fig. 1b , Extended Data Nano-optical imaging provides direct evidence for the promise and possibility of moiré strain engineering.
We utilized infrared (IR) scattering-type scanning near-field optical microscopy (s-SNOM) to visualize nanoscale moiré phenomena in strained LSMO/LAO (see Methods for detail). The amplitude of the nano-IR signal demodulated at the second harmonic of the tip tapping frequency (S2) provides a local probe of the optical conductivity with ~25 nm spatial resolution 22, 23 . In Fig. 2a , we display maps of the 2D nano-IR contrast, revealing periodic modulations of the local electronic response in LSMO/LAO. Notably, the periodicity is revealed to be considerably larger than that of either the DS or MS. Moreover, appears to be governed by the orientation of these patterns with respect to the [100] direction of LAO substrate (also see Extended Data
Fig . 5 ). These systematic trends point a unified underlying mechanism for the formation of electronic patterns that we link to the emergent moiré pattern of combined periodic strains.
We now proceed to elucidate the rich real space structures of conductivity observed in our strained films.
We first note that the two sets of overlaid unidirectional stripes with relatively small spacings readily produce longer period textures (top panels in Fig. 2b ). Microscopic strain fields DS and MS that vary sinusoidally in space present a realistic scenario for our films. Here we associate the field DS with the domain stripes and MS with miscut stripes introduced in Fig. 1 . As demonstrated in the bottom panels of Fig. 2b , we were able to reproduce the key trends in the images in Fig. 2a by assuming that the observed textures are a direct manifestation of the product DS • MS of these two sinusoidal strain fields. This product term naturally stems from the non-linear relationship between the strain and the conductivity, which roots in the strain-induced non-linear C modulation in LSMO 15, [24] [25] [26] (detailed in Supplementary Note 4). Our experimental result attests to the large magnitude of nonlinear coefficient for the cross term DS • MS , which originates from the cubic (Oh) point symmetry of Mn in the cubic perovskite structure as well as the large Jahn-Teller effect due to strong electron-lattice coupling in LSMO2 24 . We note that in our simulated image, a local Gaussian average filter with radius ~100 nm is applied to account for the finite spatial resolution of the near-field probe and possible local strain relaxation (Extended Data Fig. 6 ). and constant. This agreement verifies that the spatial modulations in optical conductivity observed in the LSMO/LAO samples indeed arise from the synergistic effect of DS and MS. We note that similar moiré fringes were not found in the surface topography of LSMO co-recorded with the near-field imaging by AFM, which suggests that the large nonlinear coupling of optical conductivity to the local strain is an essential ingredient for deterministic occurrence of observed moiré patterns.
Apart from the unidirectional moiré fringes in Fig. 2 , more complex moiré patterns can be obtained (Extended Data Fig. 8 ). For example, we observed curved moiré fringes in another LSMO/LAO sample of the same ~20 nm thickness (Fig. 3a) . In Fig. 3b we show that such curved moiré patterns can also be perfectly Temperature dependent s-SNOM and magnetic force microscopy (MFM) measurements provide further insight into the interdependence between electronic and magnetic moiré textures in strained LSMO. As a hallmark feature of the colossal magnetoresistive manganites, the microscopic mechanism of electrical conductivity in LSMO is intimately tied to the onset of long-range ferromagnetic order 9 , and here we report moiré-like modulations of that dependency borne out and resolved at the meso-scale. Clear fringes in moiré conductivity are observed with a periodicity of ~1.05 m at room temperature, as shown in the near-field images of Fig. 4a . Fig. 4b shows the MFM images acquired in roughly the same region, where clear frequencyshift contrast with the periodicity of ~1.13 μm is observed at 300 K, demonstrating the moiré modulations of local ferromagnetism. Increasing the temperature prompts a decrease in both the nano-IR contrast and magnetic response (Fig. 4c ). This latter observation infers the positive correlation between the conductivity and the local ferromagnetic moment, consistent with the established phase diagram of LSMO 14 . The observed magnetic moiré fringes disappear at the ferromagnetic-paramagnetic transition temperature of 340 K ( Fig. 4b and Extended Data Fig. 12 ), while the electronic counterpart persists with a greatly reduced nano-IR contrast up to all measurable temperatures (Fig. 4a) . The temperature evolution of a curved moiré pattern is also shown in Fig. 4d . It is evident that the near-field optical contrast of the moiré pattern decays significantly at higher temperatures. Such observation further validates the electronic and magnetic properties of the moiré patterns are closely related to the C of LSMO/LAO thin films. Lastly, we wish to point out that the individual DS and MS stripes are barely observable under s-SNOM, but their combined electronic effects nevertheless manifest clearly through the moiré pattern formation (Extended Data Fig. 13 ). This "magnified" electronic response may be potentially useful for identifying "hidden" textures of strain, electronic, or magnetic distribution in CTMO thin films, where individual traits are difficult to identify separately. Our novel approach also provides a strategy for manipulating complex electronic orders in strongly correlated quantum materials such as NdNiO3 21, 29 or SrTiO3 30 , where longwavelength electronic and lattice modulations similar to those exploited here have been reported. Beyond the long-wavelength moiré patterns, it is also interesting to explore similar effects at shorter length scales.
Materials with competing phases or proximate to a quantum phase transition can be tested with high priorities (for example the interplay between stripe and superconducting phases in high-C cuprates is affected by strain).
Methods
Sample fabrication and characterization. LSMO thin films of varying thicknesses were grown on the LAO (001) substrates at 700 ℃ via pulsed laser deposition. A KrF excimer laser was used with an energy density of 5.5 J/cm 3 and a 3 Hz repetition rate. The O2 pressure was maintained at 40 Pa during growth. The as-grown films were then in-situ annealed for 0.5 hour under the deposition conditions, followed by ex-situ annealing in a tube furnace at 780 °C in flowing O2. The crystalline quality and lattice parameters of the films were characterized by X-ray diffraction (Panalytical X'Pert PRO MRD) at room temperature, with a typical result for the 20 nm sample shown in Extended Data Fig. 1 . The magnetic properties were analyzed using a Quantum
Design SQUID-VSM system. The electrical transport properties were measured using the four-probe method in a Quantum Design PPMS system. 
Orientation-contrast scanning electron micrograph (OC-SEM).
The rhombohedral domains in the LSMO/LAO samples were characterized using OC-SEM imaging, with misorientation between different domains represented by different contrast levels. The measurements were conducted in a field emission scanning electron microscope (ZEISS GeminiSEM 500) using the in-lens mode. The typical values of the acceleration voltage, objective aperture size, and working distance were 1 kV, 120 μm, and 5 mm, respectively.
Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on reasonable request.
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Nat. Commun. 6, 6849 (2015 Supplementary Information is linked to the online version of the paper. structures further produce identical surface morphology in the epitaxially grown LSMO thin films (main text Fig. 3e) . The typical width of the twin structure is of the order of several μm, and the twinning leads to obvious surface corrugation with a relief height up to ~10 nm, as demonstrated in the atomic force microscopy (AFM) image (Extended Data Fig. 2b ) and corresponding height profile (Extended Data Fig. 2c ).
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Supplementary Note 2: Rhombohedral domains in the LSMO film on LAO substrate
The formation of rhombohedral domains has been widely observed in LSMO films grown on cubic SrTiO3 (STO) substrates, which was explained as the relaxation of misfit shear strain [3] [4] [5] [6] [7] . For LSMO/STO, the rhombohedral domains can be obtained in thin films with thicknesses ranging from several nm to hundreds of nm 5 . Such a wide range of thicknesses can be attributed to that the lattice misfit strain induced by the lattice constant difference between LSMO and STO is relatively small (Extended Data Table 1 ), rendering other competing strain relaxation effects, e.g., formation of misfit dislocations, negligible 8 . On the other hand, for LSMO/LAO, the lattice constant mismatch is comparatively large, such that different relaxation mechanisms may compete with each other. As a result, the formation of rhombohedral domains within LSMO films is very sensitive to the growth parameters 9 . In our case the domain formation is only observed within a narrow range of the LSMO thickness around 20 nm.
Extended Data Fig. 3 shows the large-scale OC-SEM image of a 20 nm LSMO thin film on LAO substrate The formation of unidirectional rhombohedral domains results in spatial strain variations in LSMO film on LAO substrate: the LSMO at the domain boundaries experiences less in-plane compressive strain compared to that close to the middle of the domains (main text Fig. 1c ). Such periodic strain modulations, named as domain stripes (DS), would in principle generate a striped electronic pattern 7, 10 . However, the DS-induced periodic electronic patterns are only faintly observed under s-SNOM imaging (Extended Data Figs. 13a, b) . This is likely because DS alone are not sufficient to induce significant strain and therefore optical conductivity modulation that could be detected under s-SNOM imaging. The moiré pattern formation magnifies the local strain by adding additional effect induced by MS. Therefore, the moiré pattern observed in s-SNOM better reveals the "hidden" electronic order induced by DS.
Supplementary Note 3: Miscut stripes (MS) and induced electronic pattern
The miscut steps in the LAO substrate cause periodic strain modulations in LSMO. For example, LSMO close to the step edges is expected to experience less in-plane compression (main text Fig. 1e ). Analogous to the DS, we name such miscut steps-induced periodic strain in LSMO as miscut stripes (MS). As demonstrated below, the MS could in turn lead to spatial conductivity modulation, as the LSMO under less in-plane compression normally corresponds to stronger metallicity and higher optical response [11] [12] [13] .
As discussed above, the existence of rhombohedral domains in LSMO/LAO thin films is quite sensitive to the growth parameters. For some certain samples no visible rhombohedral domain could be detected using OC-SEM. The absence of DS thus offers the opportunity to detect pure MS-induced electronic patterns. We 
Supplementary Note 4: Moiré patterns simulations
To simulate the moiré pattern in main text Fig. 2a , we first define two scalar sinusoidal strain fields corresponding to the in-plane strain caused by DS and MS, respectively. Namely, DS ( DS , ) = 1 sin( DS • ) + 1 and MS ( MS , ) = 2 sin( MS • ) + 2 , where DS and MS are the microscopic strain fields induced by DS and MS, respectively. DS and MS are the wavevectors of DS and MS, respectively. To model and understand the strain dependent near-field fringes, we make the assumptions that: (i) fringes are a direct reporter of the optical conductivity 15, 16 ; (ii) the conductivity depends nonlinearly on strain 12, 17 .
We have:
The factors and are first-and second-order Taylor coefficients, respectively. We were then able to reproduce the key trends in the evolution of the fringe patterns in main text Fig. 2a , finding that the fringes are the direct manifestation of the cross term • . The existence of the large cross term DS • MS attests to the previous observation of the strain-induced C modulation in LSMO 11, 12, 17, 18 , where C ∝ 1 − xx − xx 2 , assuming the unit cell volume is preserved. Here xx is the in-plane strain, = ( The validity of using DS • MS for the simulation can be further understood in a Landau free energy scheme.
According to the equation (1) The lower half of main text Fig. 2b was simulated by calculating DS • MS , followed by imposing a local Gaussian average filter with radius ~100 nm (Extended Data Fig. 6 ). The later smoothing processing also accounts for the reduced contrast of high spatial frequency term DS + MS . Using this method, we can perfectly reproduce the textures of various types of moiré fringes, including their periodicities, curvatures, and peak-to-valley contrasts.
Supplementary Note 5: Simulation of Curved moiré patterns
The variable miscut steps in the LAO substrate offers a unique opportunity to realize a diverse range of electronic moiré textures with different configurations. In main text varying curvature, periodicity, or direction are used to obtain curved moiré patterns. As a simple demonstration we set MS = 2 sin( MS • + ( )) + 2 during our simulations, where ( ) = ( ) . is the simulation box length, and and determine how fast varies. Numerically, in our simulations we keep = 1.65 constant and vary to fit the experimental data.
Supplementary Note 6: Fine structures of moiré patterns
Note that in some near-field images, the fine structures (with a wavevector of DS or MS ) can be faintly observed (Extended Data Fig. 13c) . . 13d ), which is consistent with the typical periodicity of the MS (or DS). This observation demonstrates that both the DS and the MS terms can be potentially observed in the moiré pattern region, but with a much lower contrast than that of the moiré pattern. Lastly, we remark that the geometry of the moiré fringes was observed to be highly sensitive to surface cracks or defects. As shown in Extended Data Fig. 7 , surface cracks can result in locally curved moiré pattern. This is likely because the DS adapts differently in the vicinity of the cracks, producing distinct changes in the moiré pattern.
